Objective: Renal failure requiring dialysis represents a serious complication following cardiac surgery. This study was designed to determine the incidence and predictors of renal failure requiring dialysis in a contemporary patient population. We also aimed to create a model based on these risk factors that could serve as a tool for the prediction of renal failure requiring dialysis. Methods: Between October 2007 and June 2009, 2511 consecutive patients (mean age 69 AE 12 years, 68% male) underwent on-pump cardiac surgery at our institution. The main outcome investigated was postoperative renal failure requiring temporary or permanent dialysis. Other postoperative parameters included in the analysis were hospital mortality, major morbidity, length of hospital stay, and discharge condition. Predictors of renal failure requiring dialysis were determined using multivariate regression models. The discriminatory power was evaluated by calculating the area under the receiver-operatingcharacteristic (ROC) curves (c-statistic). Results: Renal failure requiring dialysis occurred in 3.9% (n = 98) of patients. Hospital mortality among patients with dialysis-dependent renal failure was 37.8% compared with a mortality rate of 1.3% in patients without this complication ( p < 0.001). Multivariate analysis revealed pulmonary hypertension (odds ratio (OR) = 8.1), preoperative renal dysfunction (creatinine > 2.0 mg dl À1 ) (OR = 4.6), cardiopulmonary bypass (CPB) time > 120 min (OR = 3.9), peripheral vascular disease (OR = 3.1), previous myocardial infarction (OR = 3.0), atrial fibrillation (OR = 2.8), age > 75 years (OR = 2.6), New York Heart Association (NYHA) class IV (OR = 2.5), and diabetes (OR = 2.0) as independent predictors for postoperative renal failure requiring dialysis. A logistic equation including the coefficients of the regression analysis accurately predicted individual patient's risk for the occurrence of renal failure requiring dialysis (area under the ROC curve: 0.829, 95% confidence interval 0.78-0.86). Conclusions: Renal failure requiring dialysis remains a serious complication, particularly in patients with pulmonary hypertension and previous renal dysfunction. Our logistic risk model allows the prediction of renal failure requiring dialysis, based on the individual presentation of risk factors and, therefore, helps to determine the perioperative risk in cardiac surgery patients. #
Introduction
Renal failure requiring dialysis (RF-D) is a common complication following cardiac surgery and is associated with a substantially increased mortality, morbidity, and longterm survival [1, 2] . Accordingly, previous studies have reported on the impact of this complication. During the past decade, however, there was a marked change in the risk profile of patients referred for cardiac surgery procedures [3] . With increasing age, a growing number of patients present several co-morbidities such as preoperative compensated renal dysfunction, diabetes, peripheral vascular disease, and impaired left ventricular function. In addition, particularly in tertiary centers, currently, a greater number of patients are referred for more complex surgical procedures, such as multiple valve, combined valve, and coronary artery bypass grafting (CABG) procedures rather than isolated CABG. In these patient populations, postoperative RF-D is observed with a greater frequency [4, 5] . An understanding of predictors and outcomes of this complication in this high-risk patient group is therefore increasingly relevant.
The purpose of this study was to determine the incidence and predictors of RF-D in patients referred for cardiac surgery including a contemporary patient mix with a substantial number of patients undergoing more complex procedures than CABG. We also aimed to create a model based on these risk factors that could serve as a tool for the prediction of this complication. In addition, we analyzed hospital outcomes following the occurrence of RF-D in these patients.
Patients and methods

Study population
The study population consisted of 2511 consecutive adult patients, who underwent cardiac surgery procedures with the use of cardiopulmonary bypass (CPB) between October 2007 and June 2009 at the Heart Center of the University Hospital Cologne. Patients with preoperative dialysis-dependent RF were excluded (n = 21). Data for all patients' demographics, clinical characteristics, co-morbid conditions, perioperative variables, and postoperative outcome information were extracted from a computerized database based on the mandatory German Cardiac Surgery Quality Assurance System (http://www.sqg.de/startseite/ index.html). The data were collected prospectively during patients' hospital stay by routine and analyzed retrospectively. For all patients with incomplete information and for those with postoperative RF requiring dialysis, an additional thorough chart analysis was performed. All variables included into the analysis and their definitions are shown in Table 1 .
Outcome analysis
The primary outcome variable investigated in this study was the occurrence of postoperative RF requiring temporary or permanent dialysis (RF-D). Patients with documented RF-D formed the study group, whereas patients without this complication served as the control group. Other outcome parameters reported in this study were hospital mortality and morbidities including respiratory failure, deep sternal wound infection, bleeding requiring re-operation, gastrointestinal complication, unplanned re-operation, stroke, length of hospital stay, and discharge condition (Table 1) .
Intra-and postoperative management
All procedures were performed using standard anesthetic and surgical techniques adapted to the individual procedures. The majority of procedures were performed through a median (full or partial) sternotomy. Patients referred for minimal invasive mitral valve procedures underwent a right anterior-lateral thoracotomy. CPB was established between the ascending aorta and either the right atrium using a two- and a perfusion pressure of 60 mmHg were aspired in all patients. Myocardial protection was achieved using either high-potassium cold-blood cardioplegia (Buckberg) in an antegrade and/or retrograde fashion or by means of warm-blood cardioplegia (Calafiore). Following surgery, all patients were transferred to the intensive care unit (ICU). In case of postoperative RF, the decision to establish dialysis was made in consensus with the consulting nephrologist and cardiac surgeon in charge of the ICU.
Statistical analysis
Normally distributed continuous variables are presented as mean AE standard deviation (SD) and otherwise as median and interquartile range (IQR). Categorical variables are shown as the percentage of the sample. A p-value <0.05 was considered significant for all used statistical methods. The x 2 -test, Fisher's exact test, unpaired Student t-test, and Mann-Whitney U test were used as appropriate to evaluate the relationship between preoperative variables and the occurrence of postoperative RF-D in univariate analysis. Stepwise multivariate logistic regression was then performed to assess the influence of these variables as independent risk factors for RF-D [6] . The regression coefficient B, odds ratio (OR), corresponding 95% confidence interval (CI), and the pvalue are reported for each independent factor. A logistic equitation was then created using the coefficients of the regression analysis to estimate an individual patient's risk of RF-D [7] . After the model was constructed, the probability of RF-D was calculated for each patient. For validation of the model, we analyzed a separate cohort of patients, who underwent cardiac surgery between July 2009 and October 2009 at our institution. The same data elements used for the creation of the model were available for the validation cohort. The probability for the development of RF-D was also calculated for each individual patient of the validation cohort. To measure and compare the predictive accuracy of the model in the study population and validation cohort, we generated receiver-operating-characteristic (ROC) curves and compared their area under the curves (AUCs, cstatistics). An AUC > 0.7 was considered accurate [8, 9] . The statistical analyses were performed with Statistical Package for Social Sciences (SPSS) 18 (SPSS Inc., Chicago, IL, USA). The comparison of the ROC AUCs was performed with MedCalc 9 (MedCalc Software bvba, Belgium).
Results
The mean age of the study population was 68 AE 12 years, and 70.8% (n = 1779) of patients were male. The mean predicted mortality by EuroSCORE (European System for Cardiac Operative Risk Evaluation) was 13.4 AE 12.8%. Table 2 summarizes patient demographics and preoperative risk factors.
Predictors of RF-D
RF-D occurred in 3.9% (n = 98) of patients. Characteristics of patients with or without RF-D in univariate analysis are shown in Table 2 . Patients with RF-D were older, more likely female, and presented more often with risk factors such as low ejection fraction, New York Heart Association (NYHA) class IV, pulmonary hypertension, recent myocardial infarction, atrial fibrillation, previous pacemaker implantation, chronic obstructive pulmonary disease (COPD), peripheral vascular disease, diabetes, and previous cardiac surgery. In addition, these patients significantly more often suffered from an impaired renal function prior to surgical procedure. There was a significant difference in the rate of RF-D when patients where stratified by underlying procedures, with the highest rate observed in patients undergoing combined procedures and aortic surgery (9.5%, Fig. 1 ). They also had a prolonged CPB time (121 AE 61 min vs 90 AE 35 min, p < 0.001) and aortic cross-clamp time (70 AE 35 min vs 54 AE 24 min, p < 0.001). Table 3 shows detailed information of the operative procedures performed.
Stepwise multivariate logistic regression analysis revealed pulmonary hypertension (OR = 8.1), preoperative renal dysfunction (creatinine >2.0 mg dl (Table 4) .
Predictive model and performance
The predictive model was created based on the regression coefficient B of these nine variables determined by the aforementioned multivariate regression analysis (Table 4) . We first calculated the risk of RF-D for individual patients, and then compared the results with the observed rate of this complication using the c-statistic. The ROC AUC for the study population was 0.829 (95% CI: 0.78-0.86). We then applied the same model to our validation cohort, and compared the predicted rate of RF-D with the observed occurrence of this complication. The validation cohort consisted of 484 patients (mean age 65 AE 19 years, 30% female (n = 143)). The cstatistic for the validation cohort was 0.851 (95% CI: 0.77-0.94). The ROC AUCs were not significantly different between the study population and validation cohort ( p = 0.86) (Fig. 2) . 
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Outcome of patients with RF-D
The overall hospital mortality among patients with RF-D was 37.8% (n = 37) compared with a mortality rate of 1.3% (n = 32) in patients without this complication ( p < 0.001). Other major complications, including respiratory failure, sepsis, gastrointestinal complication, and deep sternal wound infection, occurred significantly more often in RF patients compared with the control group (Fig. 3) . The median length of hospital stay was significantly increased in patients with RF-D compared with the control group (15 days, IQR 8-26 days vs 10 days, IQR 8-12 days, p < 0.001). When analyzing resource consumption, the 3.9% of patients with RF-D accounted for 8% of total hospital bed occupancy. Finally, only 20% of patients with postoperative RF-D who survived initial hospitalization, were either sent home or to a short-term rehabilitation facility compared with 85% of patients without this complication ( p < 0.001). The majority of RF-D patients were discharged to long-term rehabilitation facilities, skilled nursing homes, or external hospitals.
Discussion
Incidence of RF-D
The reported incidence of acute RF following cardiac surgery procedures varies between a wide range depending on the definition of this complication and the composition of studied populations. An increase of creatinine during the postoperative course is observed in up to 40% of patients [10] , whereas the incidence of dialysis-dependent RF has been reported with a rate of 0.5-15% [11] [12] [13] [14] . Studies among CABG patients have reported lower rates compared with those including patients undergoing valvular surgery or combined procedures. For example, Conlon et al. reported an incidence 0.7% for dialysis-dependent RF among patients undergoing isolated CABG [11] . In another study including solely CABG patients, Bucerius et al. reported a RF-D rate of 4.1% [12] . The incidence of postoperative RF in the Society of Thoracic Surgeons (STS) database among patients undergoing valvular surgery has been as high as 7.1% (the STS database defines RF as postoperative serum creatinine >2 mg dl
À1
and/or dialysis requirement) [4] . By contrast, in an earlier study at the author's former institution, including only patients undergoing valvular surgery, the rate of RF-D was 2.6% [2] . In our observational study among a contemporary patient cohort, the overall incidence of RF-D was 3.9%. The high rate of RF-D in patients undergoing complex procedures (9.5%), particularly aortic arch surgery, has been also described by others. For example, Di Bartolomeo et al. reported an RF-D rate of 15% among patients undergoing aortic arch repair with the frozen elephant technique [14] . Our data suggest that the incidence of this complication has remained unchanged or has slightly increased despite the advances in perioperative management and surgical technique achieved during the last decade. This is probably related to an increase in the complexity of cardiac procedures in patients referred to tertiary centers [15] , such as ours, as well as a worsening in the preoperative risk profile in cardiac surgery patients [3] , as reflected by an substantially high EuroSCORE (13.4%) among our study population. Taking into account that RF-D is associated with a markedly increased mortality and morbidity, identification of independent predictors is of major interest to determine patients with a high risk for this complication.
Predictors of RF-D
Previous studies, most of them including a large proportion of CABG patients, have identified several risk factors for the development of RF-D in cardiac surgery patients, such as P advanced age, impaired left ventricular function, preoperative RF, diabetes, peripheral vascular disease, emergent procedures, and prolonged CPB time [1, 16, 17] . However, cardiac surgery has seen a progressive decrease in the numbers of patients referred for CABG, and an increase in patients undergoing more complex surgical procedures [15] . Our study reflects these trends: 42% of the patients included had procedures other than isolated CABG. Therefore, the risk factors identified in our study predict the occurrence of RF-D in a heterogeneous group of patients undergoing cardiac surgery more accurately than those resulting from more highly selected patient groups. Our analysis revealed nine independent preoperative and procedure-related factors associated with RF-D. A unique finding of our study was that pulmonary hypertension was the strongest predictor of postoperative RF-D. Patients with pulmonary hypertension had an eight times higher risk for the development of this complication compared with patients without. This is probably related to the fact that patients with pulmonary hypertension may suffer more frequently from a low-cardiac-output syndrome postoperatively. In addition, it is well known that CPB exacerbates pulmonary hypertension in patients undergoing cardiac surgery [18] . Preoperative renal dysfunction was the second strongest predictor of RF-D, increasing the risk of dialysis almost by a factor of five. This finding was further corroborated by previous studies that have shown the significant influence of even minor elevations of creatinine level on postoperative worsening of renal function [19, 20] . These findings probably reflect a particular vulnerability of previously affected kidneys to an ischemic injury during CPB. In addition, in our study, prolonged CPB time itself increased the risk of dialysis by a factor of four. Another important risk factor is the presence of peripheral vascular disease. Patients with peripheral vascular disease often present with concomitant atherosclerosis of the descending aorta, renal arteries, and kidney capillaries and are therefore prone for ischemic injury during cardiac surgery procedure. Particularly, atherosclerotic-related risk factors will be more frequently observed in the increasingly elderly population of patients referred for cardiac surgery. Based on the nine independent predictors of RF-D revealed in multivariate analysis, we generated and validated a predictive model for the occurrence of this complication. The accuracy of our model was shown by the cstatistic, which showed similar AUCs for both, study population and validation cohort. Transferred to clinical practice, for example, a 78-year-old female with no additional risk factors, who undergoes an isolated CABG with an estimated CPB time < 120 min, has a probability of RF-D of approximately 6%, whereas, if the same patient presents following an acute myocardial infarction with an impaired renal function (creatinine > 2.0 mg dl À1 ) and undergoes a more complex procedure with an estimated CPB time > 120 min, the risk for RF-D is as high as 60%. The ability to predict the occurrence of RF-D is helpful for preoperative patient information and informed consent. In addition, identification of patients at risk may allow preoperative patient optimization as well as enhancement of their postoperative management to minimize the impact of this complication on outcome.
Hospital mortality and morbidity
The negative effect of RF-D is demonstrated by an increase in hospital mortality, other major morbidities, and a prolonged length of hospital stay. Previous clinical series have confirmed our findings and have shown a hospital mortality ranging from 30% to 80% [1, 21, 22] . The length of hospital stay was significantly longer in RF-D patients compared with those without this complication. Similar results were reported by an earlier study at the author's former institution analyzing the impact of RF-D among valve patients [2] . Furthermore, Loef et al., who have not analyzed hospital length of stay but duration of stay on ICU have confirmed these findings by the observation that RF-D patients had a four times increased length of stay in ICU compared with patients without this complication [23] .
Limitations
The study includes a recent cohort of patients that underwent all types of adult cardiac procedures. Our predictive model takes into consideration several preoperative characteristics and risk factors and can be reliably applied to a heterogeneous group of patients undergoing cardiac surgery. The data provided in this study were extracted from the German Cardiac Surgery Quality Assurance System, a nationwide mandated database with external audit, and therefore provides very accurate information about perioperative variables. However, this was a retrospective observational study and, therefore, conclusions are necessarily limited in their application. Our study did not examine some previously reported risk factors for the occurrence of RF-D, such as perioperative need for inotropic support or low-cardiac-output state [24] . Furthermore, clinical outcome analysis focused on postoperative mortality and morbidity and we were not able to provide information on late complications, quality of life, and cause of death following discharge.
Conclusion
RF-D remains a devastating complication following cardiac surgery. The worse outcome of patients, who develop RF-D following heart surgery, underlines the need to direct more resources toward prevention of this complication. Knowledge of independent predictors and the implementation of predictive models for this devastating complication into clinical practice may enable patients at high risk of RF-D to be more accurately identified and aggressively optimized preoperatively. Patients with complex valvular disease with or without concomitant coronary artery disease may benefit from hybrid and/or novel therapeutic approaches, such as trans-apical aortic valve replacement [25] , particularly if presenting with other risk factors, such as advanced age or impaired left ventricular function.
